Infrared p-polarized multiple-angle incidence resolution spectrometry (pMAIRS) is a promising analytical tool for revealing the molecular orientation quantitatively of each chemical group in a thin film even with surface roughness. The spectra are often disturbed by noise and fringe, however, due to the multiple reflections in the substrate and the film, which makes the quantitative analysis very difficult. Therefore, improvement of the signal to noise (SN) ratio of the spectra is expected. Principal component analysis (PCA), in the present study, is first applied to the noise reduction for pMAIRS spectra of a poly(3-hexylthiophene) spin-coated thin film by employing the spin-speed as the experimental parameter. As a result, high quality pMAIRS spectra are readily obtained, with which highly reliable quantitative discussion is made.
Introduction
Infrared (IR) spectroscopy is a non-destructive technique for revealing a wide range of chemical information of a sample, which can be used irrespective of the sample state i.e., gas/liquid/solid. Since IR spectroscopy has very high sensitivity for a monolayer level minute sample, the molecular structure involving the molecular packing, conformation and molecular orientation in a thin film can readily be discussed. In this sense, IR spectroscopy is outstandingly useful for studying a functionalized thin film incorporated in a functionalized device. [1] [2] [3] [4] One of the promising IR spectroscopic techniques for a thin-film analysis is p-polarized multiple-angle incidence resolution spectroscopy (pMAIRS). [5] [6] [7] This technique yields simultaneously the in-plane (IP) and out-of-plane (OP) spectra of an identical single sample, with which the molecular orientation can quantitatively be analyzed via the intensity ratio of a band in the IP and OP spectra without considering optical parameters such as the permittivity and thickness of the sample and the substrate. 8 In addition, the position of several bands in the IP or OP spectrum reflects the molecular folding, 9 packing 10 and crystal structure. 11 Since pMAIRS measurements are highly reproducible even for a film having surface roughness, a wide range of thin films prepared by a wet process can be analyzed conveniently and powerfully.
The pMAIRS technique has an intrinsic issue in principle, however, that the OP spectrum is always poor in signal-to-noise ratio ( Fig. 1(b) ) as compared to the IP spectrum ( Fig. 1(a) ). In addition, an optical fringe 12 due to the internal multiple reflections of IR ray in the film, substrate and polarizer sometimes strongly appears particularly in the OP spectrum, which makes the spectral analysis very difficult. For example, a poly(3-hexylthiophene) (P3HT) thin film spin-coated at a high speed such as 8000 rpm indicates an apparent fringe pattern in the OP spectrum as shown in Fig. 1b , with which accurate discussion on the band position is impossible. To reduce the spectral noise without degrading the chemical information involved in the spectra, principal component analysis (PCA) 13, 14 is useful, which is one of the multivariate analytical techniques. PCA is a mathematically established and chemically useful tool for discriminating the chemical information from noise. In fact, PCA is commonly employed for noise reduction of graphical data such as gas chromatography/mass spectroscopy (GC/MS), 15 functional magnetic resonance imaging (fMRI), 16 X-ray photoelectron spectroscopy (XPS), 17 electrocardiogram (ECG), 18 electron energy loss spectroscopy (EELS), 19 and X-ray fluorescence (XRF). 20 In the present study, PCA is first employed to reduce the fringe and noise involved in the pMAIRS-OP spectrum.
To perform the PCA analysis, a collection of spectra on a variation of an experimental parameter are necessary. Representative experimentally-variable parameters are sample concentration, 21 reaction time, 21 and aging time. 22 In the present study, the "spin speed" of the spin coating procedure was first used as the experimental parameter, which directly influences the film thickness and the molecular orientation in the spin-coated thin film. For example, P3HT favors the face-on orientation when the spin speed is high; while a low spin speed promotes the formation of the edge-on orientation. 23 Fortunately, the fringe and noise components are not linearly correlated with the spin speed. Therefore, the fringe component is not recognized to be an orthogonal component of PCA, which can be removed. In fact, the apparent noise and fringe patterns involved in the pMAIRS-OP spectrum are largely reduced as expected, which makes the OP spectrum useful for fine chemical discussion.
Experimental

Sample preparations
Regioregular-P3HT and chloroform of ACS spectroscopic grade (≥99.8%) were purchased from Aldrich (Milwaukee, WI, USA) and Sigma-Aldrich (St. Louis, MO, USA), respectively, and they were used without further purification. The Si substrate having a thickness of 0.675 ± 0.025 mm was obtained from Valqua FFT (Tokyo, Japan). The spin-coated films were prepared from a chloroform solution of 0.5 wt% on a Si substrate. Five spin speeds at 250, 1000, 2000, 4000, and 8000 rpm were employed, and three spin-coated films were prepared for each spin speed, which resulted in 15 samples in total for the PCA analysis. In this paper, the spin-coated (SC) films are named "SC-X film" (X; spin speed).
pMAIRS measurements
pMAIRS measurements were carried out on a Thermo Fisher Scientific (Madison, WI, USA) Nicolet 6700 FT-IR spectrometer equipped with a Thermo Fisher Scientific (Yokohama, Japan) automatic MAIRS equipment (TN10-1500). The p-polarized IR-ray was detected by a MCT detector, which was cooled at -196 C by liquid-nitrogen. The wavenumber resolution was 4 cm -1 , and the accumulation number was 1000 for each angle of incidence. The angle of incidence was changed from 9 to 44 by 5 steps, which are the optimal angle set for a Si substrate determined in our previous study. 8 
Principal component analysis (PCA)
For the PCA analysis of the pMAIRS-OP spectra, two selected wavenumber ranges of 1600 -1250 cm -1 and 900 -780 cm -1 were used, since a derivative-shaped peak at approximately 1100 cm -1 due to an absorption of the Si substrate makes the analysis inaccurate. PCA expands the spectra matrix, A, storing the collection of absorbance spectra using mutually orthogonal row (loading) vectors, pj, with coefficient column (score) vectors, tj, as found in Eq. (1). A = t1 p1 + t2 p2 + t3 p3 + ··· + tc pc + ··· + tn pn (1) = t1 p1 + t2 p2 + t3 p3 + ··· + tc pc + N The first c loading vectors are the "basis (or primary) factors" that contain apparent quantity changes of chemical and physical factors. The rest loading vectors ( j > c) in N, on the other hand, are the "noise factors", and each noise factor is characterized by a minor eigenvalue. In the present case, the optical fringe generated mostly in the substrate changes its intensity as a result of the combination with the background measurements. In other words, the fringe pattern has no reproducibility, which is a similar character of noise. Therefore, fortunately, the fringe pattern goes to the noise factor, although the eigenvalue may not be adequately small. Thanks to this situation, the fringe pattern should largely be reduced by discarding the noise factor after the PCA expansion.
In an actual PCA analysis, the loading vectors are calculated as the eigenvectors of the variance-covariance matrix, A T A, where the superscript, T, indicates the transpose matrix (Eq. (2)). The eigenvalues, λj, are monotonously decreasing numbers, since it corresponds to the variance of the vector positions along a loading vector, which reflects the spectral variation in intensity.
To evaluate the number of the basis factors, therefore the eigenvalue-plot is conveniently used. 21, 22 In this paper, the eigenvalue-eigenvector calculation was performed by using the SVD algorithm incorporated in Mathworks (Natick, MA, USA) MATLAB 2008a. Figure 1 presents the pMAIRS spectra of P3HT spin-coated thin films as a function of the spin speed: 250, 1000, 2000, 4000, and 8000 rpm. The IP spectra ( Fig. 1(a) ) have a good signal-to-noise (SN) ratio, which is good enough to accurately discuss the band position and intensity. On the contrary, the SN ratio is poor for the OP spectra as shown in Fig. 1(b) . In particular, the spin speed of 8000 rpm is very fast, which promotes a preparation of an extremely thin film that accidentally results in an apparent fringe. In the poor spectrum, the following two points should be overcome. 1) A minute band of P3HT at 1563 cm -1 is hidden in the fringe pattern, and 2) a derivativeshape peak at 1538 cm -1 , which should be an artifact, appears only in the OP spectrum of the SC-8000 film, which makes the OP spectrum unreliable.
Results and Discussion
Molecular structural analysis of P3HT in a spin-coated thin film
Before performing the PCA analysis, the raw-IP and -OP spectra are discussed. For the structural analysis of P3HT, the two bands that appeared at approximately 1510 and 820 cm -1 are particularly useful; the bands are assigned to the anti-symmetric stretching vibration (denoted as ν(C=C)) and out-of-plane deformation vibration (γ (C-H) ) modes of the thiophene ring, respectively. 24 As found in Fig. 1 , the intensity ratio of the γ(C-H) band between IP and OP spectra changes depending on the spin speed: the SC-8000 film exhibits a stronger γ(C-H) band in the OP spectrum than that in the IP spectrum; while the IP and OP spectra of the SC-250 film yield comparable band intensities. This indicates that the SC-8000 thin film is comprised of the face-on oriented P3HT molecules judging from the direction of the transition moment. 24 On the other hand, the SC-250 film comprises both face-on and edge-on orientations in the thin film. These results agree with a former study by Delongchamp et al. 23 The difference of the molecular orientation can be attributed to the crystallinity of the film. In fact, the polymorph-sensitive γ(C-H) band is found at a lower position for the SC-250 film than that of the SC-8000 film ( Fig. 1(a) ). According to Yazawa et al., 25 the band position of γ(C-H) in an IR transmission spectrum, which is equivalent to the pMAIRS-IP spectrum, is associated with the crystal structure in the P3HT thin film. For example, when P3HT is highly crystallized, the band appears at 816 cm -1 ; while the band is shifted to 832 cm -1 for the isotropic liquid. Thus, the low-wavenumber shift by 2 cm -1 of the SC-250 film suggests a relatively high crystallinity, which is suitable for the edge-on orientation. 24 Details on this matter will be discussed in another paper. In this manner, the discussions on the IP spectra are readily made without noise reduction.
On the other hand, another important ν(C=C) band should employ the OP spectra, since 1) the band "intensity" reflects the orientation of the polymer chain, 24, 26 and 2) the peak position can be used as a conjugation length-sensitive marker. 27 Unfortunately, the OP spectra are, however, too noisy to accurately read the band position and intensity ( Fig. 1(b) ). In fact, discrimination of the weak ν(C=C) band of the SC-8000 film from the fringe is impossible. Therefore, PCA is employed to only the OP spectra in the next section.
Noise reduction using PCA
The eigenvalues of the OP spectra are plotted against the factor number as presented in Fig. 2 . Since a kink is found at the fifth factor, the eigenvalues more than four can be categorized into the noise factors that should be discarded. In this manner, the first four factors are determined as the basis factors, with which a noise-reduced spectra matrix is reconstructed.
The assignments of the four basis factors will be mentioned later. Figure 3 presents the reconstructed OP spectra of the P3HT thin film as a function of spin speed. The spectra in Fig. 3 have apparently less noise and fringe than those in Fig. 1(b) , particularly for the SC-8000 film. As expected, not only the noise, but also the fringe component is readily removed. As a result, the abnormal peak at 1538 cm -1 found in Fig. 1(b) is perfectly removed (Fig. 3) , which indicates that this peak is actually due to an artifact. On the other hand, the very weak band at 1563 cm -1 remained, which indicates that PCA readily removes the fringe and noise only, leaving the chemically important peaks.
In addition, the ν(C=C) band can obviously be observed at 1511 cm -1 as found in Fig. 3 , although this band is unclear in the raw spectra ( Fig. 1(b) ). Both band intensity and position in the reconstructed spectra have thus become clearer than those in the raw spectra.
The quantitative reliability of the noise-reduced spectra is checked by calculating the orientation angle, f, of the polymer chain using the ν(C=C) band via the pMAIRS dichroic ratio (AIP/AOP) between the IP and OP spectra (Eq. (3)). 24
As a result, the SC-8000 film is found to have the average orientation angle of 63 that is in good agreement with the value reported in our previous study. 24 In addition, the position of the ν(C=C) band is accurately found at 1511 cm -1 for all the samples in the noise-reduced OP spectra, which implies that the spincoated films are also found to have the same degree of the conjugation length independent of the spin-speed.
In this manner, the combination of the IP and noise-reduced OP spectra reveals that the spin-coated films of P3HT have different molecular structures in terms of 1) the ring-orientation, 2) orientation of the polymer chain, 3) crystallinity, and 4) film thickness, which should be the major factors inducing the spectral variation. Therefore, the four basis factors in Fig. 2 are readily understandable by these four factors.
Conclusions
In summary, PCA was first applied to the noise reduction for pMAIRS by employing the spin speed as the experimental Fig. 2 Eigenvalue plots against the factor number for the pMAIRS-OP spectra. Fig. 3 Reconstructed pMAIRS-OP spectra of P3HT spin-coated thin films as a function of spin speed: 250, 1000, 2000, 4000, and 8000 rpm. The absorbance is normalized using a band at 1377 cm -1 .
parameter, which readily improved the SN ratio of the OP spectrum without degrading the chemical information. With the technique, not only the noise component but also the fringe component is removed from the OP spectra. As a result, a minor peak hidden in the fringe has readily been salvaged by the PCA analysis.
